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Matrix effects on the structural and optical properties of InAs quantum dots J. X. Chen, U. Oesterle, A. Fiore InAs quantum dots ͑QDs͒ have been grown by molecular-beam epitaxy on different InGaAs or GaAs surface layers to investigate the effect of the matrix on the structural and optical properties of the QDs. The density of QDs directly grown on GaAs is 1.1ϫ10 10 cm Ϫ2 , and increases to 2.3ϫ10 10 cm Ϫ2 for dots grown on a 1 nm InGaAs layer. Single-mirror light-emitting-diode ͑SMLED͒ structures with InAs QDs capped by InGaAs and grown on GaAs and InGaAs layers were fabricated to compare the electroluminescence efficiency between the two structures. The maximum external quantum efficiency for QDs on a GaAs structure is 1.1% while that for QDs on InGaAs is 1.3%. The corresponding radiative efficiency could be deduced to be 17.5% for QDs on GaAs and 21.5% for QDs on InGaAs, respectively. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1416162͔ Self-assembled InAs/GaAs quantum dots ͑QDs͒ have been studied extensively over the last few years. [1] [2] [3] One of the most exciting developments is the extension of the emission wavelength of InAs QDs on GaAs to 1.3 m, which is an important telecommunication wavelength. 4 -6 One important issue in QD structures is the gain saturation due to the finite number of states in the QD arrays. The maximum gain is then limited implying that long cavities are required for in-plane QD lasers, and vertical cavity surface emitting lasers ͑VCSELs͒ are rather difficult to fabricate. To overcome the gain saturation, it is necessary to increase the dot density without degrading the optical efficiency.
There are several ways to improve the dot density. A simple method is to deposit several stacks of dots. However, the number of repeatedly deposited layers is limited by the plastic relaxation of the stress. 7 The number of dot layers is even more limited in VCSEL structures due to the short cavities. It is therefore attractive to develop methods to increase the dot density in one stack. Chu et al. 8 reported that the dot density could be increased ten times as the growth temperature decreased from 530°C to 480°C, but the photoluminescence ͑PL͒ performance degraded due to the broadening of the size distribution. Another method to improve the areal dot density is to use different matrices, in particular by growing InAs QDs in an InGaAs matrix instead of a GaAs matrix. 6, 9, 10 In this letter, we expand on these results by presenting a comprehensive study of the radiative characteristics ͑linewidth and efficiency͒ as a function of the nature of the surface layer used for QD deposition.
An excellent method to examine the radiative efficiency of QDs is to fabricate light emitting diodes ͑LEDs͒. In LED structures, spontaneous radiation is coupled out without amplification and therefore permits a direct evaluation of the radiative efficiency of the active layer. A laser is not a good candidate for this purpose. A LED at 1.3 m is, in itself, also very attractive for telecommunications due to its relative simple epitaxial structure compared to a VCSEL. 11 There are few reports on surface-emitting diodes based on 1.3 m InAs/GaAs QDs and in most cases the reported efficiencies are much below those of InGaAs/GaAs quantum-well structures ͑The typical radiative efficiency of an InGaAs/GaAs quantum well at 1.0 m is 80%-90%͒. Huffaker et al. 12 studied the electroluminescence ͑EL͒ of 1.3 m InGaAs/ GaAs QDs with a different molecular-beam epitaxy ͑MBE͒ growth condition and got an external quantum efficiency QE around 0.2%. In a previous work, 13 we demonstrated relatively high efficiency in QD LEDs with a low (10 10 cm Ϫ2 ) areal density. In this work, we compare the optical efficiency of InAs QDs on a InGaAs starting surface with that on a GaAs starting surface.
The structures studied in this work were grown on ͑100͒-oriented GaAs by solid-source MBE. The temperature of growth is 620°C except for the InAs QDs, for which the temperature is reduced to ϳ535°C. The QDs were formed under Stranski-Krastanow mode by continuous deposition of InAs with a nominal thickness of 2.9 monolayer on either a GaAs or a In 0.15 Ga 0.85 As ͑1-5 nm͒-on-GaAs underlying surface. All samples for optical evaluation were covered by 5 nm InGaAs to extend the emission wavelength to 1.3 m.
To conduct atomic force microscope ͑AFM͒ measurements of dot density, the growth stopped after the formation of InAs QDs and the samples were quickly cooled down to freeze the dots. Figure 1 shows the AFM images of the InAs QDs grown on different underlying layers and the dot density as a function of the thickness of the In 0.15 Ga 0.85 As layer. The dot density n QD is ϳ1.1ϫ10 10 cm Ϫ2 with InAs QDs grown directly on a GaAs surface ͓Fig. 1͑a͔͒. n QD increases to ϳ2.3ϫ10 10 cm
Ϫ2
with QDs on a 1 nm In 0.15 Ga 0.85 As-on-GaAs surface ͓Fig. 1͑b͔͒ and it further increases to ϳ2.85ϫ10 10 cm Ϫ2 with QDs on a 5 nm In 0.15 Ga 0.85 As-on-GaAs surface ͓Fig. 1 ͑c͔͒. We did not observe a broadening in size distribution for the higher density APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 22
dots by AFM measurements. The dot density has a sharp increase of a factor of 2 when the QDs are deposited on 1 nm InGaAs rather than on GaAs while the dot density increases only 20% when the In 0.15 Ga 0.85 As thickness increases from 1 to 5 nm. To confirm the effect of the InGaAs starting surface layer on the dot density, we repeated the InAs QDs growth in our second MBE chamber with the same growth condition and again obtained a similar increase. The experiments thus clearly demonstrate the relationship between the starting layer and the dot density. Another series of four samples with In 0.15 Ga 0.85 As starting layer thickness of 0.0 ͑GaAs͒, 1.0, 2.5, and 5.0 nm were prepared for PL evaluation. The InAs QDs together with their 5 nm In 0.15 Ga 0.85 As capping layer were sandwiched between 200 nm GaAs and cladded by 20 nm AlAs on both sides. PL was performed at room temperature with 10 W/cm 2 YAG laser excitation. The signal was dispersed by a monochromator and measured by InGaAs detector. For all samples, the PL spectra show a main peak at ϳ1.3 m ͑ground state transition͒ and a second peak at ϳ1.21 m ͑first excited state transition͒. The peak intensity and the full width at half maximum ͑FWHM͒ of the ground state transition of different QDs are shown in Fig. 2 . There is a slight decrease in peak intensity as the In 0.15 Ga 0.85 As starting layer thickness increases from 0.0 ͑GaAs͒ to 1.0 nm and 2.5 nm while the FWHM remains almost unchanged. For the QDs on 5 nm In 0.15 Ga 0.85 As, there is a remarkable drop in peak intensity and a broadening in linewidth. It should be noted that the excitation power in our PL measurements is quite low.
The last series of samples were two bottom emitting single-mirror light-emitting diodes ͑SMLEDs͒. In one SMLED, the InAs QDs were grown on a GaAs surface ͑QDs on GaAs͒ and in another, the InAs QDs on a 2 nm In 0.15 Ga 0.85 As surface ͑QDs on InGaAs͒. The other layers are identical. The whole of the epitaxial structures are as follows: 0.6 m n-GaAs buffer, 50 nm n AlAs, 25 nm n Al 0.5 Ga 0.5 As, 50 nm GaAs, active layer (InAs QDsϩIn 0.15 Ga 0.85 As), 50 nm GaAs, 25 nm p Al 0.5 Ga 0.5 As, 40 nm p AlAs, and finally, 142 nm p GaAs. The SMLED is designed in such a way that the radiation emitted upwards and reflected by a broadband Au mirror constructively interferes with that emitted downwards, resulting in a four-fold enhancement of light extraction from the bottom side. Devices with an active area of 1.25 ϫ10 Ϫ3 cm 2 were fabricated by wet etching and p-͑Au͒ and n-͑AuGeNi͒ contact evaporation. The top p contacts were not alloyed in order to keep a high reflectivity of the Au mirror.
Light-current measurements were performed under pulsed injection with a 100 s pulse width and 10% duty cycle. The light from the SMLED was collected and measured by a Ge detector via an integrating sphere. The EL output power is measured versus injection current while the external QE is converted from the measured power by
where ex is the external QE, P out ; power output, I; injection current, and Ј; optical frequency. Figure 3͑a͒ shows the power output as a function of injection current and Fig. 3͑b͒ , the external QE as a function of current density for the two SMLEDs fabricated. The maximum external QE is 1.1% for the QDs on GaAs and is 1.3% for the QDs on an InGaAs structure. The external efficiency ex can be expressed as ex ϭ i ϫ extr ͑assuming 100% injection efficiency͒, where i and extr are internal radiative efficiency and extraction efficiency, respectively. The output coupling efficiency of the radiation was calculated using the simulation method based on the plane wave expansion of an electrical dipole emitter inside a multilayer structure. 14 The simulation gives an extraction efficiency of 6.2% after including the light absorption of the substrate. The radiation efficiency of the InAs QDs could then be deduced to be 17.5% for QDs on GaAs and 21.5% for QDs on InGaAs. A 21.5% radiative efficiency is a very high one for active layers on GaAs at 1.3 m. The high QE of our samples is attributed to our optimized growth of the QDs. We also demonstrate that QD density could be improved without degrading the optical efficiency by choosing an appropriate matrix.
Comparing the two structures, the QDs on InGaAs SMLED have a slower turn on and accordingly, a lower power output and efficiency at low current density. This is consistent with the low excitation PL results, where we also observed a lower PL peak intensity for QDs on InGaAs compared to GaAs. At the higher current density, on the other hand, the efficiency and power output of the QD on InGaAs SMLED is higher than that of the corresponding QD on GaAs structure. These results may suggest the presence of a higher density of nonradiative defects in the QDs on InGaAs which saturate with increased current.
The EL spectra of the QDs on GaAs and QDs on InGaAs structures, which are taken at 8 mA injection current at room temperature are similar, as shown in the inset of Fig. 3͑a͒ . Two peaks from each spectrum are clearly resolved: at ϳ1300 nm (QD0ϭground state) and ϳ1210 nm (QD1ϭfirst excited state).
In summary, we demonstrate a 2-2.5 times increase of dot density by growing InAs QDs on a InGaAs surface rather than on a GaAs surface. High optical efficiency of InAs QD structures grown on both GaAs and InGaAs surfaces has been obtained. The external QE of our high density InAs QD SMLED is 1.3%, corresponding to a radiative efficiency of 21.5%.
